Sixty, proliferative, endocardial lesions were diagnosed in 19,304 rats, for an overall incidence of 0.3%. This population consisted of 10,127 Fischer 344, 8,737 Wistar, 200 Sprague-Dawley, and 240 Long Evans rats from chronic/oncogenicity studies reported at Lilly Research Laboratories from 1976 to 1988. Of the 60 proliferative lesions, 44 were classified as endocardial hyperplasia, 15 as endocardial schwannomas, and one as an endocardial sarcoma for prevalence rates of 0.2%, 0.08%, and 0.005%, respectively. Affected rats ranged in age from 42 to 110 weeks. There were no sex or treatment-related differences in the prevalence of the rat endocardial proliferative lesions. A review of endocardial lesions in 18 of 233 Wistar rats treated with carbamate derivatives revealed endocardial hyperplasia in 12 rats, schwannomas in five rats, and a sarcoma in one rat. One of the 12 rats with endocardial hyperplasia also had an intramural schwannoma. Of 200 Wistar rats given N-nitroso-N-methylurea, two had endocardial hyperplasia, and one had an endocardial schwannoma. Morphologic features were similar in either spontaneous or treatment-associated hyperplasia or neoplasia of the rat endocardium. Probable Schwann cell origin of the endocardial proliferative lesions was indicated by positive immunohistochemical staining for S-100 antigen in 101 12 spontaneous and 1 111 4 carcinogen-associated endocardial hyperplastic lesions. Further, 1 5/ 1 6 spontaneous and 617 carcinogen-associated neoplasms were immunoreactive to S-100. No tumor metastasis was recorded in either the spontaneously affected or carcinogentreated rats.
In 1961, Moms et al. 31 reported a sarcoma on the endocardial surface of the interventricular septum and extending into the ventricular myocardium of a 8.2month-old, male Buffalo rat that was fed N,Nl-2,7fluorenylene-bis-acetamide for 7.2 months. Since this first report, several chemical carcinogens have been found to induce endocardial tumors and other cardiac lesions in rats.3J7* 29.43.46 Endocardial lesions also occur spontaneously in rats. In 1973, Boorman et a1.6 reported proliferation of fibroblastic-like cells beneath the endocardium in 40 rats. Six of the lesions were tumor-like. Since then, reports of endocardial lesions in several strains of rats have been p u b l i~h e d .~*~*~*~~ In spite of apparent similarities between the reported spontaneous and carcinogen-induced endocardial lesions, the results of the literature are complicated mostly by the use of different terms and by disagreements about cytogenesis. The endocardial lesions have been referred to as subendocardial disease,6 subendocardial fibrosis,26 endocardial ~c h w a n n o m a ,~.~.~~ neurinoma, neurilemmoma and neuro~arcoma,~~,~~ Anitschkow cell sarc0ma,3~.~6 undifferentiated sarcoma,I6 fibromatous pr~liferation,'~.~' endomyocardial d i s e a~e ,~~~~~ endomyocardial fibrosis,29 endocardial thi~kening,~~ and endocardial mesenchymal tumor.2' 15. 45.49 This report deals with the prevalence of spontaneous proliferative endocardial lesions in four strains of rats used in chronic/oncogenicity studies during a 12-year period. A comparison of selected lesions by morphologic and immunocytochemical means, as well as a review of experimentally-induced lesions are presented.
Materials and Methods
Heart lesions from 10,127 Fischer 344, 8,737 Wistar, 200 Sprague-Dawley, and 240 Long Evans rats were reviewed. These animals were from chronic toxicity and oncogenicity studies reported at Lilly Research Laboratories (Greenfield, IN) from 1976 to 1988. In these studies, there was no difference in the incidence of the endocardial lesions between untreated controls and treated rats; therefore, all of the lesions were considered to have occurred spontaneously. Overall, there was a total of 19,304 rats consisting of 6,250 control and 13,054 treated animals of which 9,647 were males and 9,657 were females. In addition, hearts from 21 Wistar rats from nine carcinogenicity experiments conducted with differently substituted N-cyclohexylcarbarnates and related compounds,I9 or N-nitroso-N-methylurea, (Hoover, unpublished data) were examined.
During the course of the studies, some rats were killed in extremis, others died spontaneously, and the rest were euthanatized at the end of each study. All rats were necropsied 
Lesion Histopathologic Features
Hyperplasia Increased thickness of the endocardium beyond the one cell layer normally seen; endothelial lining intact; hyperplastic foci are sharply demarcated from the myocardium; usually less than 20 cell layers thick; superficial cells predominantly rounded with ovoid nuclei, eosinophilic cytoplasm and indistinct cell borders, deeper cells above the myocardium are spindle shaped with hyperchromatic nuclei and arranged parallel with endocardial surface frequently in a herringbone pattern; mitotic figures are rare.
whorled bundles of pleomorphic spindle cells and or packets of polygonal, epithelioid-like cells with bi-or multinucleated large cells; occasional nuclear palisading; mitotic figures are common.
Neoplasia* Active invasion of the myocardium; endothelium is indistinct; mass is composed of interlacing and * Endocardial schwannoma is differentiated from endocardial sarcoma by positive immunoreactivity to S-100 protein antigen and ultrastructural features of interdigitating cell processes and circumferential basal lamina typical of Schwann cells.
by pathologists. Hearts were fixed in 10% buffered neutral formalin, cut either longitudinally or transversely through both ventricles, embedded in paraffin, sectioned at 6 pm, and stained routinely with hematoxylin and eosin. Selected cases were also stained with Gomori aldehyde fuchsin, Gomori trichrome, orcein, aniline blue, and phosphotungstic acid hematoxylin. Samples for electron microscopy, initially fixed in 10% neutral buffered formalin, were transferred to a modified Karnovsky's fixative, rinsed with a 0.1 M sodium cacodylate buffer, post-fixed in cacodylate-buffered 2% osmium tetroxide and embedded in epoxy resin. Areas for ultrastructural evaluation were selected from semithin sections stained with toluidine blue. Ultrathin sections were placed directly on uncoated copper grids, stained with uranyl acetate and lead citrate, and examined with an electron microscope. Although eight samples were processed, only three samples had fixation of a suitable quality for ultrastructural evaluation.
For immunocytochemistry, unstained sections from selected cases were deparaffinized and stained using the avidinbiotin-peroxidase-complex method.,' Tissue sections from the 18 carbamate-treated Wistar rats previously stained with hematoxylin and eosin or trichrome stain were treated in 10% acid alcohol to prepare slides for immunohistochemistry.20 Primary antiserum raised in the rabbit (S-100) was used at a dilution of 1 : 100. The following monoclonal antibodies were produced in the mouse and diluted as indicated: vimentin, 1 : 500, desmin, 1 : 500, and HHF35, 1 : 4,000. The S-100 was from Dako Corporation, Carpenteria, California, while vimentin and desmin were from Biogenex, Dublin, California. HHF35 (muscle-specific actin) was from Enzo Laboratories, New York, New York. The biotinylated secondary antibody and avidin biotin complex were from Vector Corporation, Burlingame, California. Endogenous peroxidase activity was blocked by immersing the slides for 10 minutes in a 6% solution of H,O, made in absolute methanol. Normal goat serum, 1 : 20 in modified phosphate-buffered saline was applied to the slides for 30 minutes and blotted off. The incubation period for the various primary antisera was 1 hour, except for vimentin, which was for 2 hours. The biotinylated secondary antisera and avidin biotin complex were incubated for 30 minutes each at room temperature. Slides were washed for 10 minutes between each step in phosphate-buffered saline. The chromogen, 3 amino, 9 ethylcarbazole, was applied to the slides for 20 minutes at 37 C. The slides were then counterstained with Mayer's hematox-~l i n .~~ For controls, the primary antisera was substituted with non-immune sera from the same species. Staining of 1% or less of the cells was disregarded.
Endocardial proliferative lesions in rats were classified as hyperplasia, schwannoma, and sarcoma. The histopathologic features of these heart lesions are listed in Table 1 .
Results
The prevalence of spontaneous proliferative lesions in the endocardium of four strains of rats by sex, age, and treatment group is summarized in Table 2 . Proliferative lesions in the endocardium were observed in 60 of 19,304 rats (0.3%) with no apparent sex or treatment-related differences ( Table 3 ). There were more cases of endocardial (mesenchymal) hyperplasia than neoplasia. All of the 44 hyperplasias and 1 5/ 16 tumors were diagnosed in animals 7 1 weeks of age or older at the time of necropsy. A control rat that died at 42 weeks of age, probably from a large fibromatous tumor in the left ventricle, also had an endocardial schwannoma.
Endocardial lesions in 21 Wistar rats treated with carbamate derivatives or N-nitroso-N-methylurea are presented in Table 4 . Again, there were more hyperplastic than neoplastic lesions. One of the 14 rats with endocardial hyperplasia also had an intramural schwannoma. Lesions in the carcinogen-treated rats were observed earlier with a median age of 56 weeks compared to 103 weeks for the spontaneous cases. Morphologic features were similar for either spontaneous or experimentally-induced hyperplasia or neoplasia.
Endocardial hyperplasia
Thirty-five of 8,737 (0.4%) Wistar rats, seven of 10,127 (0.07%) Fischer 344, one of 200 Sprague-Dawley (0.5%), and one of 240 (0.4%) Long Evans rats had endocardial hyperplasia. Fourteen of the 2 1 carcinogen-treated rats were also affected. The condition was originally diagnosed by study pathologists as (sub)endocardial fibrosis or fibroelastosis, endocardiosis, or fibroplasia. The lesion was present primarily in the left ventricle, but the other chambers ofthe heart, the atrioventricular and semilunar valves, and the aortic trunk were also affected. The endothelium overlying the endocardial thickening was intact, and there was a sharp demarcation from the underlying myocardium (Fig. 1) . The depth of the lesion varied, but usually there were less than 20 layers of cells. The more superficial cells varied in size and shape; but the predominant cell type was rounded and had large dense ovoid nuclei, prominent nucleoli, faintly eosinophilic cytoplasm, and poorly defined cell boundaries. Mitotic figures were rarely seen. Cells at the interface with the myocardium were spindle-shaped with elongated hyperchromatic nuclei. They were oriented with their long axis parallel to the endocardial surface and interspersed with bundles of collagenous fibers (Fig. 2 ). Frequently, a characteristic herringbone pattern was found along with whorls around chorda tendinae.
Endocardial neoplasia
Endocardial neoplasms occurred spontaneously in 16 rats (eight male, eight female rats), among a total of 19,304 (0.08%) rats in this survey. The tumors were found in 12 Wistar, two Fischer 344, and two Sprague-Dawley rats for an incidence rate of 0.1,0.02, and 1%, respectively. Seven of the 21 proliferative lesions in the carcinogen-treated Wistar rats were considered neoplastic. Original diagnoses included fibroma, fibrosarcoma, neurilemmoma, leiomyosarcoma, Anitschkow cell sarcoma, and endocardial sarcoma. All the neoplasms were characterized by active invasion of the myocardium by confluent layers of round and spindleshaped tumor cells ( Fig. 3) . The ventricular myocardium was principally affected, with the left ventricle, the interventricular septum, and the right ventricle affected in decreasing order of frequency. Four of the 16 spontaneous and 3/7 carcinogen-associated, endocardial tumor-bearing rats also had endocardial hyper- plasia in other chambers of the heart. In the early stages, tumor cell infiltration of the myocardium with atrophy tumors had slender finger-like projections that pene-of residual cardiocytes. In some cases, there was almost trated deeply into the myocardium between clefts or total replacement of the left ventricle or interventricalong blood vessels. Advanced cases had large foci of ular septum with large areas of necrosis and hemor- rhage (Fig. 4) . All neoplasms contained some cells with nuclei that resembled the morphologic characteristics of Anitschkow cells.36 These cells had a central band of heterochromatin spanning the greater diameter of the nucleus. Larger neoplasms had interlacing and whorled bundles of pleomorphic spindle cells (Fig. 5) . Round to polygonal epithelioid-like cells were distributed in loose sheets or packets. They had vesiculated nuclei with one or more nucleoli and eosinophilic cytoplasm. Many of the larger cells had larger irregular nuclei, and some were bi-or multinucleated (Fig. 6) . Mitotic figures were commonly seen. Metastasis was not recorded.
Electron microscopic findings
Two hyperplastic lesions and one neoplastic lesion from the recently terminated N-nitroso-N-methylurea study were suitable for ultrastructural evaluation. The neoplasm, an endocardial schwannoma, was characterized by thin, elongated cells that had prominent interdigitation of cell processes (Fig. 7) . The neoplastic cells had circumferential basal laminas, usually single layered, but multilayered in some areas. Occasional junctional complexes occurred between cells but were not prominent. In the two cases of endocardial hyperplasia, the predominant cell type in the thickened area of endocardium was a Schwann cell. Collagen was prominent in some areas of the interstitium.
Immunohistochemical findings
Twelve cases of hyperplasia and 16 cases of neoplasia that occurred spontaneously were examined. Immunoreactivity to S-100 was the most consistent marker, as it was positive in 101 12 and 151 16 cases of hyperplasia and neoplasia, respectively. There was variation in the staining pattern for S-100, a few neoplasms stained diffusely, while others had scattered positive aggregates of tumor cells ( Fig. 8) . Vimentinpositive cells were seen in only four hyperplasias and two tumors. Entrapped muscle cells within two tumors were positive for actin. There was no reactivity to desmin.
S-100 staining was also done on destained sections of the 18 endocardial proliferative lesions in carbamate-treated Wistar rats. Positive results were obtained in 9/ 12 hyperplasias and 5/6 schwannomas. The endocardial sarcoma was negative. Two cases of hyperplasia and one schwannoma from N-nitroso-Nmethylurea-treated rats were also S-1 00-positive.
Discussion
A prevalence of 0.3% for endocardial proliferative lesions occurred in rats during a 12-year period in our laboratory. The rate ranged from 0.1% in the Fischer 344 strain to 1.5% in Sprague-Dawley rats. Comparable incidence rates for similar spontaneous lesions have been reported ( Table 5) . As in other studies, the occurrence and severity of the endocardial lesions increased with advancing age. 1.6. 26.27,34.49 There was no evidence that sex or treatment-related effects influenced the occurrence of these lesions.
Although there has been some diagreement as to the nature of the endocardial lesions in rats, this study indicates that two distinct morphologic entities, hyperplasia and neoplasia, occur spontaneously in the rat endocardium. Most of the heart lesions occurred singly; however, both lesions were found in different chambers of the heart from 7 of the 60 rats in this ative lesions represent stages ofa neoplastic process,l.2+6 but this remains to be proven. The assumption that all proliferative endocardial lesions in the rat are neoplastic1J0.21 ignores the morphologic findings and behavior of these The endocardial mesenchymal proliferation that is sharply demarcated from the underlying myocardium is appropriately designated "endocardial (mesenchymal) hyperplasia." Naylor et al.34 disagreed with the term "fibrosis" used earlier8J6 for this lesion because of the minimal amount of collagen produced. Histologic findings in the present study support those of Naylor et al. 34 Endocardial fibroelastosis, characterized by fibrous and elastic thickening of the endocardium, has been reported in human bei n g~,~~ domestic animal^,^*.^^*^^ sea mammals: and in rats injected with heart tissue homogenates or diptheria-pertussis-tetanus vaccine.50 Abundant elastic fibers consistent with the diagnosis of fibroelastosis were not found in this series. Another condition. endomvocardi-
series. Previous reports suggested that these prolifer- a1 fibrosis, which has been reported in human beings, does not appear to have a counterpart in animals. The condition, characterized by massive scarring of the endocardium and underlying myocardium, accounts for a significant number of heart failure cases in East Africans. I Endocardial neoplasia in the rat is characterized by increasing mitotic activity, active invasion of the myocardium, and occasional metastasis. The sarcomatous mass has been called a variety of names, principally because of a lack of unanimity on its cell of origin. A probable Schwann cell origin was suggested in studies of the chemically induced tumors and those incidentally found at necropsy. 1,3,22*25 Although S-100 protein has been identified in cells and tissues outside of the nervous system, S-100 immunoreactivity is widely accepted as a sensitive marker of normal and neoplastic Schwann cells. 19*25,28,33.44.47*48 Weiss et al.48 reported that about half of the malignant schwannomas they studied were positive and generally restricted to a few scattered cells. Recently, Alison et al. found weak positive staining in two and negative staining in four of six endocardial schwannomas from Fischer 344 rats they examined.' In contrast, 21/23 endocardial tumors and Present study 2 1 /26 endocardial hyperplasias in our series were positive. These findings may reflect a variable expression of the S-100 antigen in the same cell type. Stefansson et al.44 suggested that dedifferentiated Schwann cells in malignant schwannomas may have lost their capacity to synthesize S-100 protein or the tumors may have originated from other cells in the peripheral nerve. In 1977, Russel and Rubinstein41 proposed that Schwann cells or perineural fibroblastic cells were the origin of neurinomas in human beings. Earlier, Schwann cells, penneural cells and fibroblasts of the nerve were suggested to have a common origin from embryonic ec-t~d e r m . '~ Malignant nerve sheath tumor cells may be functional variants of the same cell type. lo Heterogeneous morphologic features including schwannian, fibroblastic, histiocytic, fibrohistiocytic, and undifferentiated cells have been demonstrated for neurogenic sarcomas1* and malignant s c h w a n n o r n a~.~~ It has been proposed that the transformation or progression from one phenotype into another may occur in human sarc o m a~.~ Proliferative endocardial lesions in rats are easily distinguished by their location and morphologic findings from the other cardiac changes in this species. A neurogenic origin can be established by ultrastructural and histochemical means. Since aged, formalin-fixed tissues are not suitable for electron microscopy, immunohistochemical staining for S-100 antigen in paraffin-embedded tissue sections or even de-stained sections may be tried. This procedure is useful in reaching a definitive diagnosis of endocardial schwannoma or sarcoma.
